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ABSTRACT 

The problem of predicting the aerodynamic characteristics of 
configurations at hypers onio Ifech nuebero lias boon unreliable duo 
to the lack of experimental data. 

By prodicting the aerodynsmio characteristics of a wodgo and 
cone at Itooh numbers fron 2 to 12 by four different supersonio 
theories, a basis for future experimental o caparison res provided. 

An attempt was mde to correlate the theoretical roeult of a 
o 

20 wedge and cone with wind tunnel test results of the same confi- 
guration. licnrever, due to scheduling diffieultieo tho experimental 
phase vja3 not completed in tine enough to bo included in this report. 

The thearetioal results indioato that the hypersonic similarity 
solution gives oloso agreement with tlie ocmct solution for large 
Mach numbers. The linearised and second order theory deviates from 
the exaot solution for Maoh numbers greater than 3. 
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SYMBOLS ATT) DOTATION 

The fol lacing are the symbols and notation with their definition* 
used in thi* investigation. 




h 




pi 

p 

JT 

r, • 

x i 
a, t 



static prossure of the flow. The subscript* denote flour 
field (i.e.J 

1 • free atrecua 

2 - flow behind shook or on body 
o * stagnation conditions 

s - flow on surfaoe of body* 
pressure coefficient 68 Ap/q . 

I 2 y 2 

free stream dynamic pressure * j f 3 , P, M, 

free stream Telocity. 

speed of sound = yy PiJfT' Subscript indioates ease condi- 
tions as pressure p ^ • 

fluid density* Subsoript* same as for p^ • 

Maoh number c u i / a L • Subsoript* same as p^ • 
inolination of shook wave, or the qrnnity y?t^2 . j . 
ratio of speoifio heats ** 1.4 for air. 
oylindrieal or spherioal coordinate*. 

Cartesian coordinates* Subsoript* denote orthogonal directions 
of axis* 

▼elooity components . 



SYMBOLS AND BOIATIOIT (continued J 



indicate iii. , where A , k are coordinates of 

*a bK 

systcrc being used* 

semi-apex angle of eono or wedge, and flow deflection in 
one case* 

potential notation, 
angle of attack. 

non-dimensional coordinator or variableo of integration, 
body thickness, or total apex angle* 
body length* 

thickness ratio parameter (X^ &/b)» 
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i. imoDDcnoi? 

Tho purpose of this investigation vno to detomine the acrodynuaio 
characteristics of a wedge and cone at hypersonic raoh nuiabors and to 
oorrelato those results with existing theories. 

Since there has boen little or no experimental data available at 
exfcraiely high Inch numbers, tho reliability of extending existing 
supers onio theory to hypersonic flow is questionable* The problem is 
vast, inoluding as it does, the question of viooosity, shook naves and 
deviations frees a perfeot gas. However, in this investigation only one 
phase was to bo considered that of correlating, without corrections for 
viscosity, shock wav os end deviations fren a perfect gas, tho experimental 
results of one configuration of a wedge and a cone with the various super* 
sonic theories. Also an attempt was mdo to prediot, theoretically, the 
surface pressure on various configurations of wedges and oonea by four 
different theories covering the range of speeds fren Maoh nuabor 2 through 
12, thus providing & basis of occaparioon for futuro experimental work. 

The configurations used in the theoretical investigation wcroi 

1. Wedge with apex angles of 5°, 10°, 20°, 50°, 40°, 60° and 
60° at angles of attack of 0°, 2°, 4°. 

2. Cone with apox angles of 5®, 10°, 20°, 50°, 40°, 50° end 
60° at cero angle of attaok. 

In the experimental phase the only configurations to bo tested wore the 



wodge cad cono with a 20° t-rxsj: angle. 

Tho four notliodo usod in dotornininc tho theoretical nr on our o dic- 
tributlono wore: 

1. Oblique Shodr-T-'oclgoj Exact Thoory for Cono 

2. Pirct Ordar Theory - Linearised Theory 

5. Sooond Order Theory' - Iteration of Lincaricod Thoory 

4. Similarity. 

A vriof dicouooion of oach of the above theories is Given on pa goo 3 to 19. 

9uo to scheduling diff icultioc in tho hypersonic tunnel, tho oirpcri- 
cental pbaso of this investigation poo not concluded in tine to have t!xo 
rooulto included in thio report, Ilorovcr, os tho Gsrporinontal portion of 
the investigation is to bo continued, tho correlation of toot results pith 
the tbecretioal results presented in tliiG report will bo mdo at a lator 
date. 

Pigs. 1, 2, 3 and 4 givo sketches and photographs of the nodolo that 
will bo used in tho ojcpcrlncntal phase. 
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II, CALCULATION BY THE VARIOUS THFCRIIS 

A, Oblique Shook Theory - Wedge 

FT era the nomal a 'nock theory, the relation for tho preecuro rise 
aorosa the shook to the free stream pressure is given as (of. Ref. lj 

Pt’Pi/pi - -f-y UJ 



To transform this equation for use la case of oblique shook wavoe it 
is only necessary to replace by sin P, whore p io on inclination 
of the shock save. 



p» - p./p. 



— [ M.’sin 1 * - i] 
ar+1 J 



( 2 ) 



The pressure coefficient C ( is defined as 



C P = Pi" Pr/9 



(SJ 



where q is tho free stream dynamic pressure, and is equal to 



r 



, v, 



*-£• .(?, Ul = 1 p, M, 1 

2 yp, * 1 



(4; 



since «- u i/ a, 



and 



( S Pi /?,) 



and by substituting Fqs. (2} and (4 J into Eq. (5 J, tho pressure 



A 



4 



coefficient boccnoa 




with 



Pi- Pi 


_ A 


r . . * * 

[ M, SIM p - 


V p, M,/Z 


Mf Cy*0 


1 


SIN*^3 - 3L+L 


SIN© 




cos c 



(5 ) 



The resulting pressure coefficients baeod on Eq. (S ) are given in Tables 

# 

1 to S and plotted on Pig c. 5 to 7. 

B. Poostot Solution for Cone 

Tho equation for steady is en tropic f loir in epherioal coordinates 
with axial synaetry is given as (of. Ref. 2 ) 



(a.*-u l )u r + (a* - v- 1 ) v - 0 - tu^( iu 0 +r r ) 



+ a iU4V cot e __ q 

r 



( 0 ) 



where direction of velooity and coordinates are 




x 



5 



Per the ease of flow pact the meowed oono, it is oooumed that all 
fluid properties are constant on any ocnieal surface haring the same 
vertex and axle of symmetry os cone itself. 

% < 

It the coordinate axis are plaoed at the vertex of the cone, the 
above aasinptioa results in the fluid properties being independent of 
r. The irrotationality equation for this ease is 

Vf - o ( 7 ; 



Pram the basic assumption that the floe is independent of r, the irrota- 
tiooality equation became* 



d u _ yj- 

d© 



(e; 



and Eq. (6 j boo once 



+ u * 

d© 




( U + V cot © ) 



O 



(9) 



Dy integrating this equation it is possible to evaluate the fleer 
field. Kopal has demo this integration by a numerical net hod and has 
tabulated the results (of. Ref. 5). Kopal has also tabulated the ratio 
of pressure on the oane to that immodiately behind the shook rare, and 
the ratio of the pressure Imodiately behind the shook rave to that of 
the undisturbed free stream 



L # 



i.e. , Vg /?2 and Pg/Pj respectively. The 



6 



product of these ratios gives p^/p^ # which in turn aakeo it possiblo 
to calculate the pressure coefficient 



The results of this calculation are tabulated in Table 4 and ore plotted 
on Pig* 8* 

C* First Order Thoory «» TToJge 

By linearising the equations of motion and accusing that the flow 
is irrotational, a perturbation potential my be introduced (cf. Eof* 4)* 
The linearised equation of motion boocnos 




do ; 




+ = O 

5 



(ID 



where 



Uj *=• U *■= const. 




(away from body) 



(neighborhood of body) 



Introducing the perturbation potential 




( 12 ) 



7 



the equation of notion beccncs 



+ Hi ♦ nt 



>x,‘ 






- o 



(13) 



b X. 



For oonsistanoy the son© approximation for detoraininc tho preenuro 
coefficient woo made* Frcn tho isentropio relationship, tho pressure 
ratio is 



Pz/P, = 



which reduces to 



Pz/P' 



and 



[ ■ + H 1 M* | 

L i + ^ J 



I + M, 1 Z u'/xj J 



%- 






(14) 



(13) 



Pz/P, = I - -f-M, 2 U/ v + ... 



(16) 



and sinoe 






C p = u /tr 



(17) 
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By finding a solution which satisfice both the boundary conditions 
os veil as the perturbation equation, the pressure coefficient equation 

bee cnee 



d%t\ (* 8 ) 

^ *'J boundary 

or for the ease of the wedge 





( 10 ) 



Table 5 gives the values of for a wedge at zero angle of attack as 
calculated by the first order theory, and a plot of C vs Uaoh number 

Mr 

is given on Fig* 0* 

In calculating the pressure coefficients for the wodge at angles 
of attack (2°, 4°) by the linearised theory the seme equation as used 
for the zero angle of attaok calculations will hold* 

c p M 

I L<* * J boundary 



( 18 ) 
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However, for this oase tlio olopo of the upper and lower surfaces will 
differ by the ancle of attack. For the case of positive angle of 
attaok 

C “ 2 tan ( e - a; (so; 

p u ?P er /Mr— i 



where 




Tables 6 end 7 give the calculated first order value of the wedge at 
angles of attaok of 2° # 4°, and their plot versus Mach mraber Is given 
on Figs. 10 and 11. 

P. First Order Theory » Cone 

The linearised potential equation in cylindrical coordinates assua* 
lag axial synnetry is 

£± + J_ + Ci-E 1 ) - o 
4r l r dr °* dx‘ 
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By assuaing that the effects of infinite® imls can bo suporlaposed, 
the potential of the additional velocities hoe the fora 





4£ 



(25; 



where 




By aesxsning the vertex of the body at r - 0, this integral oan be 

* _ * 

tranefomed by letting — — — == cosh u. Then the potential beoomeo 



♦ ■ L f ( x - pr cosh u) dlu 



(24) 



cosh 2L 

P r 

and the velooitiee oonponenta ore 



1± 

&X 



find 



'br 



(23) 



Von Raraan solved the above equation in (Ref* 5) and the solution 
for the erver-preesuro acting on the surface of the cone is 



Ap = f> 



*• x 

XJ e 



f 7 ?' 



-1 1 

COSH 



e cosw^J- 



(26) 
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or approximately 



A p = you 0 Lo«C-^- ) 



(27) 



tea n which 



C p = 2 e 




(28) 



whore © *■ s end-apex angle* 

The oaloulated value* of the pressure coefficient, C^ # for the first 



mmber is given on Pig* 12* 

K* Beoond Order Theory - Wedge 

The linearisation method whioh led to the Prandtl-Glauert equation 
oan be considered to be the first step in an iteration procedure corres- 
ponding to the general technique of solution by successive approximation 
based on the theory of perturbations* 

Busenann (Ref. 6J, has carried out the iteration process for super- 
sonic flow in whioh tho potential function is expanded in a power series 
in a parameter proportional to the thickness ratio of the body. Buseaann's 
result to the seoond order for plane flow for the pressure coefficient is 




4 



12 




ar M, t (Mi -2) © 

2CM, X -|)* 



1 „ .1 * 



z 



(29; 



This equation was used to compute the C ? for the wedges under oonsideru- 
ticn. In this equation © is the angle of florr defloction, for zero 
angle of attack it corresponds to the migo seni-o.pex angle* 

Tables 9, 10 and 11 give the calculated seoond order values of Cp 
for the sedge. The plot of these values are given on Pigs. 15, 14 and 
15 . 

F. Seoond Order Theory - Cone 

For axially-gymetr io flew the problon of determining a seoond 
order approximation is reduced to first order problen by the discovery 
of a particular solution of the iteration equation. The iteration 
equation for a cone as given by Van Dyko, (Hof. 7) t is 



<f tt + ±t = M,‘[ 2CN-I)t‘ f tt ( $-t § t ) 

( 50 ; 



- 2t i 




where the conelal non-orthogonal coordinates or# (x, tj and 



15 



t s /3 r/ x p = /m‘-| N= <y»0 M ,* 

fcx.t.ej = x l(t©) | tt 

$* = f - * It £ ?« 



§r = f> K 

and 




* 



is first order perturbation potcntion 



til 

$ s $ ♦ 4* 1® ««oond order perturbation potential* 

And the boundary oonditions are 

*= slope of the cone surface 

'+ 4V 

/> !</».) = 4 [ ?</»<) '/»« 

f<eo) •* ? t <«•) ' O 
where the semi-vertex angle of tan"'* t • 



for second order solution 



14 



tic 



By use of an integrating factor 
can be integrated to give the result 

-i 



t 

l “t' 



the homogeneous equa- 



§ = -AC t - v/T^t 1 ) 



( 52 ; 



A = 



jr- 



p x e + t* osch cp 4) 



Substituting this result into the abore itemation equation. Van Dyke 
(-ef. 7 ), gives for the complete seoond order perturbation potential 






§Ct) = -A<SECH _, t - /»- t* ) 



+ A^M* [ B ( SEtn’t -yr?> ♦ ( StCH~*t ) X 

-<H + 0 /T-t* 5tCn’' t - fl 1 A /l - t 1 

' 4 t* J 



(83 > 



The streeserise and radial velocity perturbations cure 



i. : - A StCH*'t V A 1 M, [B SiCH’t * (SfcCM't ) 1 

u 



-( M-l) stew' t - CN 4 I) - _ 3 fl'A^ 4 I£ 1 

/re 4 ^ HF J 



A /1 - t r + A‘M, f- B < /i-t k - Wi-t 1 
p u t L t * 

+ 04 + 0 J_ ♦ SiCM t + JL VA ^l-t 1 1 

t 2 r t , ] 



(34; 



(35; 
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The constant B must bo adjusted to satisfy the tangmoy oonditioa 
given by Eq. (31 

From those expressions the pressure coefficient at any point eon 
be ealoulAted from 



given in Tablo 12. The plot of these values versus Mach niraber ore 
given on Pig. 10. 

G* Rypcrsonlo Similarity 

fypersonio flows ore flow fields where the fluid velooity is such 
larger than the velooity of propagation of snail disturbances, the 
velooity of sound* Teien, (Ref* Q) $ has developed the similarity laws 
far hypersonic flow. 

If u, v are the components of velocity in tho x, y directions and 
a is the 1 ooal velooity of sound, the differential equations for irrota- 
tionel two-dimensional motion are 




(S5aJ 





~ Uy - o 



(37; 



i 



16 



Introducing the perturbation potential as 



U: U + ii 

ax 



\r r 

a y 



(sa; 



and the relatione 



a 1 = Qo - .iii ( uN v*-) = a* - JM ^ u fc, 



+ < $ X ) X + Cfy/ ] 




(40 ; 



oanpared to u, the equation of notion becomes to the eeoond order 



•lender body the variation of fluid Telocity due to presenoe of the 
body ie limited within a narrow region oloeo to the body, the typer eonio 
boundary layer. Therefore, in order to investigate this Telocity varia- 
tion, the coordinate normal to the body woe expanded. If 2b is the 
length or chord of the boty and 6 is the thickness of the body, the 




( 41 ) 




Von KirnAn, (Ref. Sj, has shown that for hypersonic flow enrer a 



I 
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non-dimens ionol coordinates f and n oan be defined as 

X = b f Y - b ( i. )\ (42) 

b 

where n le tux exponent greater than 0 frees above oondition of coordinate 

expansion* 

The appropriate nen-dinensicaal fora for the velocity potential ie 

+ * O, b i i ( $.H) («; 

By substituting equations 42 and 45 into equation 41 # and letting 



h* I 



M - i ■ K 



Tsiem gives the differential equation for two-dimensions as, 

- I±L L (H)*| 3 

L if 2 K l J 



(44; 



with boundary conditions 



K x + Z *1 *!1 

i if in 



if . if « O 
dn 



AT OO 



(46) 



(_>i) = k‘ K ( f J -■< 5< 1 

v v° 



where K(f) - l<^<liea given function describing the thiolcness 
distribution along the length of the body* 



13 



This similarity lair naan* tfrvt If a series of bodies haring the 
•ozae thickness distribution but different thioknecs ratios ( &/b) are 
put into flows of different liseh umbers lij such that the products of 
1<2 and ( 6 /b) remain constant and equal to K, then the flew patterns 
are similar in the sense that they are Governed by the sane function 
f($ . 1 j determined by equations (44) and (dS). 

For axially synnetriool flows # the ordinate y is the redial dis- 
tance frem the axis to ths point concerned. Then a similar analysis 
leads to the following differential equations and boundary conditions. 



L i -tar-') 



If 

>1 



111 _!_ ( If.) 1 "I + 

z k* *n' 



[i -£iL± = (46; 

t k k in' J n 

2 *L*L + 

>i = »£ , O AT. 

1 ? »n 

(47; 



where K C ) is ths distribution f motion for cross-sectional areas 
along the length of the body. 

Shea, (Ref. 9), solves those basic equations by expanding the 
solution into a series near the Initial point and integrating 



19 



numerically. The result of tide lot deration doterninoa the flow 
field, and fraa this flow field, tho surface pressure cooffioiarrt 
oan be found. For tho cone, Shea giveo a curve of Cj/e‘ vs K, 

(cf. Pig. 17 and Table 15) which, by using the siailarity parameter 
K, cuff ices for various slender conos in hypersonio flow. Using 
this ourvo tho Cp booed on hyper conic similitude was readily calcu- 
lated. 

For o wedge Shen's analysis results in the oquation 

Cp / & v = 111 + Z /(£1!) a + l/ K * (48) 

z » ^ 

where © ® 2/2 apex angle. 

The calculations based on the curve and equations are given in 
Tables 14 to 17, and are plottod on Figs. 18 to 21. 



?.o 



m. coscLUiiom 

Pig. 22 gives a erose-plot of the aurfaoe pressure coefficient 
for the 20° total apex angle, wedge and oeno at cere angle of attack. 

P^smi nation of thie curve indicates * 

1. The hypersonic similarity solution gives elooo agrocraent 
with the exaot solution for Uaoh nunbors above 6. 

2. The second order solution gives olose agreement for the 
low Maoh numbers below 4. 

3. The linearised theory solution gives, throughout the 
oonplete Maoh number range, values considerably lower 
than those of the exaot theory. 

4. Tho first and sooond order thoorios for tho cono giro 
imaginary results for particular values of apex angle 
and Maoh nueber. In the case of the 20° cono above liooh 
nuabsr of 5.7 for the seoond order theory and Uaoh rruaber 

of 11.0 for the first order theory the solution is imaginary. 

Fig. 23 shows the lift oocfficient vs U for the 20° wedge at 2° 
and 4° angles of attack. Theee curves follow the same pattern in regard 
to agreement with the exaot solution as the calculated values of tho 
pressure coefficients. 
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g.43IT, 1 
TTet^o 

Oblique Shoe!: Theory 







o 

o 


Anglo of Attack 
C P 

6 








u 


5° 


10° 


ro 

O 

o 


o 

o 

to 


40° 


50° 


8 

O 


2.0 


.0716 


.110 


.2065 


.433 


.665 






4.0 


.0241 


.0558 


.1551 


.2425 


• S79 


.581 


.738 


6.0 


.0177 


.046 


.106 


.203 


.329 


.484 


.666 


8.0 


.0148 


.0325 


.0939 


.107 


.3095 


.465 


.641 


10.0 


.0116 


.0294 


.0371 


.1765 


.502 


.4515 


.654 


12.0 




.026 


.0835 


.172 


.295 


.443 


.625 
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H 

2.0 

4.0 

6.0 
8.0 

10.0 



TA3IT. 2 



Wodgo 

Oblique Shock Theory 
2° An^le of Attack 



C S 

c 



°I 

C. 





5° 


10° 


20° 


30° 


40° 


50° 


upper 


.0133 


.070 


.192 


.352 


.556 


.94 


lower 


.104 


• 168 


.320 


.51 


.800 




upper 


.0045 


.038 


.100 


• 194 


.324 


.476 


lower 


.030 


.086 


.170 


.298 


.444 


.612 


upper 


.0020 


.026 


.078 


.162 


.276 


.420 


lower 


.040 


•068 


.142 


.250 


.884 


.552 


upper 


.0022 


•018 


.068 


.146 


.260 


.396 


lower 


.030 


.052 


• 128 


.230 


.368 


.530 


upper 


.0018 


.012 


.060 


.140 


• 256 


.390 


lower 


.028 


.050 


.120 


.230 


.360 


.520 


upper 


.0011 


.012 


.060 


.140 


.256 


.390 


lower 


• 026 


.050 


.116 


.230 


.360 


.620 



60° 



•652 

.826 



.560 

.710 

.560 

.710 



12.0 



n is 
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ABIE 



tTodge 



Oblique Shock Thoory 
4° Anglo of Attack 



<5 



M 




B° 


10° 


rs 

o 

o 


so 0 


40° 


50° 


60° 


2.0 


Cp upper 




.025 


.140 


.290 


.470 


.720 






lower 


.154 


• 224 


.390 


.608 








4.0 


C upper 




.0109 


.072 


.150 


.270 


.414 


.578 




p lower 


.080 


.116 


.220 


.354 


.606 


.692 


.924 


G.O 


C p upper 




.C069 


.052 


.124 


.226 


.360 


.518 




lower 


.000 


.092 


.184 


.304 


.450 


.590 


• GSO 


0.0 


C D upper 




.0042 


.044 


.110 


.212 


.340 


.494 




p lower 


.050 


.080 


.170 


.288 


.420 


.566 


.800 


10.0 


C upper 




.0040 


.040 


.104 


.206 


.334 


.436 




lower 


.044 


.076 


.160 


.280 


.420 


.560 


.790 


12.0 


C upper 




.0037 


.040 


.100 


.206 


.330 


.4eo 




p lower 


.044 


.076 


.160 


.200 


.420 


.556 


.706 
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TABLE 4 



Cane 

Exact Theory (Kopal; 
0° Anglo of Attack 



6 



u 


10° 


20° 


50° 


40° 


50° 


60° 


2.0 


.0548 


.1048 


.2026 


.5240 


.475 


.641 


4.0 


.0250 


.0801 


• 1G00 


.2670 


.582 


.551 


6.0 


.0217 


.0720 


.1500 


.2565 


.875 


.534 


8.0 


.0183 


.0876 


.1465 


.2550 


.565 


.524 


10.0 


.0108 


.0669 


.1440 


.2520 


.565 


.519 


12.0 


.0170 


.0858 


.1415 


.2520 


• S65 


.519 
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TAJ] l£ 5 



TTodco 

First Order Thoory 
0° Ancle of Attack 



6 



M 


5° 


10° 


o 

o 


80° 


40° 


50° 


60° 


2.0 


.0505 


.1008 


.2055 


.3090 


.4200 


.5200 


• GG50 


4.0 


.0225 


.0449 


.0909 


.1330 


.1060 


.2410 


.2975 


0.0 


.0148 


.0295 


.0598 


.0908 


.1232 


.1500 


.1953 


0.0 


.0110 


.0219 


.0445 


.0675 


.0914 


.1172 


.1450 


10.0 


.0080 


.0175 


.0555 


.0539 


.0732 


.0939 


.1160 


12.0 


•0073 


.0148 


.0295 


.0440 


.0808 


.0700 


.0963 
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IA.BIE C 



Wedge 

First Order Theory 
2° Angle of Attack 



4 



tf 






3° 


10° 


20° 


50° 


40° 


50° 


60° 


2.0 


c p 


upper 

lower 


0 

.0905 


.0604 

.1420 


.1625 

.2455 


.2665 

.5550 


.5755 .4900 

.<670 . 5300 


.6150 

.7220 


4.0 


c p 


upper 

la^cr 


0 

.0404 


.0269 

.0655 


.0725 

.1096 


.1190 

.1577 


.1678 

.2085 


.2190 

.2625 


.2740 

.5220 


6.0 


c p 


upper 

lover 


0 

.0265 


.0177 

.0416 


.0476 

.0713 


.0781 

.1055 


.1100 .1455 

.1563 .1723 


.1800 

*2115 


3.0 


c p 


upper 

lower 


0 

.0197 


.0151 

.0309 


.0554 

.0555 


.0500 

.0768 


.0876 .1066 

.1015 .1200 


.1555 

.1570 


10.0 


c p 


upper 

lower 


0 

.0158 


.0108 

.0247 


.0285 

.0426 


.0464 

.0615 


.0654 

.0815 


.0854 

.1025 


.1070 

.1258 


12.0 


c p 


upper 

lower 


0 

.0151 


.0087 

.0205 


.0235 
• 0S55 


.0586 

.0511 


.0544 .0709 

.0675 .0852 


.0888 

.1045 
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TABLE 7 



VTodgo 

First Order Theory 
4° Anglo of Attack 



<5 



M 






5° 


10° 


ro 

o 

o 


50° 


40° 


50° 


60° 


2,0 


c p 


upper 


-.0502 


.0201 


.1214 


• 2240 


.5315 


.4430 


• 5650 






lower 


.1312 


.1830 


.2830 


.5975 


.5140 


.6590 


.7780 


4.0 


c p 


upper 


-.0133 


.0090 


.0542 


.1000 


.1480 


.1930 


.2310 






lower 


.0588 


.0816 


.1288 


.1775 


.2295 


.2855 


.5475 


6.0 


c p 


upper 


-.0089 


.0059 


.0358 


.0656 


.0970 


.1500 


.1650 




P 


loorw 


.0585 


.0556 


.0844 


.1165 


.1508 


.1875 


.2280 


8.0 


Cp 


upper 


-.0066 


.0044 


.0264 


.0488 


.0720 


.0965 


.1225 




r 


lower 


.0286 


.0598 


.0626 


.0865 


.1118 


.1591 


.1695 


10.0 


C p 


upper 


-.0055 


.0055 


.0212 


.0591 


.0577 


.0772 


.0980 




p 


lower 


.0229 


.0519 


.0502 


.0693 


.0895 


.1115 


• 1558 


12.0 


c 


upper 


-.0044 


.0029 


.0176 


.0324 


.0479 


.0642 


.0815 




P 


lower 


.0190 


.0265 


.0417 


.0375 


.0745 


.0925 


.1127 
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tab is 0 



Cone 

First Order Theory 
0° Angle of Attack 




12.0 



0051 



0093 
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IABIE 9 
T7©dc© 

Second Order Theory 
0° Anglo of Attack 



6 



u 


5 ° 


10 ° 


20 ° 


50 ° 


40 ® 


50 ® 


60 ® 


2.0 


.0551 


.loes 


.2460 


.4020 


.5310 


.7820 


1.0000 


4.0 


.0253 


.0519 


.1276 


.2190 


.5300 


.4590 


.6070 


6.0 


.0170 


.0571 


.0960 


.1721 


.2651 


.5775 


.5087 


8.0 


.0158 


.0500 


.0800 


.1481 


.2546 


.5488 


.4625 


10.0 


.0111 


.0257 


.0720 


♦ 1559 


.2168 


.5262 


.4352 


12.0 


.0096 


.0229 


.0060 


.1257 


.2045 


.3103 


.4165 
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TAB IS 10 



tfedC® 

Socond Order Theory 
2° Ancle of Attack 



6 



u 






5 ° 


10 ° 


to 

o 

o 


50 ° 


40 ° 


50 ° 


60 ° 


2.0 


C P 


upper 


.0101 


.0644 


.1898 


.5571 


.5070 


.0990 


.9160 




P 


lower 


.0996 


.1627 


• 5054 


.4717 


.6600 


.8695 1.1040 


4.0 


c p 


upper 


.0045 


•0504 


.0900 


.1805 


.2852 


.4050 


.5460 






lover 


.0480 


.0811 


.1615 


.2614 


.5795 


.5161 


.6720 


6*0 


c 


upper 


.0050 


.0255 


.0709 


.1589 


.2255 


.5506 


.4554 




p 


lower 


.0540 


.0395 


.1256 


.2069 


.5085 


.4282 


.5055 


8.0 


C p 


upper 


.0022 


.0165 


.0586 


.1189 


.1978 


.2954 


.4118 




p 


lower 


.0271 


.0406 


.1055 


.1809 


• 2744 


.5862 


.5162 


10.0 


Cp 


upper 


.0010 


.0158 


.0515 


.1075 


.1820 


.2746 


.5865 




p 


lower 


.0232 


.0424 


.0946 


.1657 


.2547 


.5622 


.4875 


12.0 


Cp 


upper 


.0015 


.0121 


.0468 


.0994 


.1707 


.2605 


.5695 




p 


lorer 


.0204 


.0385 


.0874 


.1554 


.2411 


.5457 


.4675 
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TABUS 11 



Wedge 



Second Order Theory 
4° Anglo of Attadr 



6 



M 






5° 


10° 


20° 


50° 


40° 


50° 


60° 


2.0 


C 


upper 


-.0292 


.0205 


.1869 


.2752 


.4857 


.6220 


.8265 




P 


lower 


.1497 


.2118 


.5605 


.5446 


.7400 


.9600 


1.2010 


4.0 


C 


upper 


-.0127 


.0094 


.0674 


.1441 


.2896 


.8555 


.4875 




p 


lower 


.0742 


.1112 


.1990 


.SOTO 


.4816 


.5760 


.7888 


0.0 


Cp 


upper 


-.0081 


.0068 


.0487 


.1094 


.1884 


.2872 


• 4055 




V 


lower 


.0589 


.0880 


.1544 


• £458 


•8541 


.4815 


.6266 


6.0 


C P 


upper 


-.0058 


.0048 


.0895 


.0927 


.1640 


.2551 


.8652 




9r 


lower 


.0441 


.0692 


.1880 


.2168 


.5172 


.4367 


.5740 


10.0 


c p 


upper 


-.0045 


•0089 


.0842 


.0880 


.1499 


.2538 


.8898 






lower 


•0883 


.0618 


.1206 


.1995 


.2952 


.4098 


.5422 


12.0 


c p 


upper 


-.0086 


.0088 


.0807 


.0768 


.1401 


.2222 


.5287 




P 


lower 


.0844 


.0558 


.1121 


.1878 


.2005 


.8921 


.3217 
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TAD I* 12 



Cone 

Socond Or dor Theory 



6 


10° 


6 


20° 




50° 




40® 


M 


C P 


u 


C P 


U 


°p 


1 £ 


C 

P 


3.M 


.0253 


£.14 


.1010 


1.60 


.2270 


1.70 


.3470 


7.G0 


.0207 


5.01 


.0881 


2.68 


.1837 


2.80 


.3155 


11.30 


.0209 


5.91 


.0324 


2.83 


.1329 







5.48 .0021 

3.70 .0829 
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TAD/K 13 

W- Two, »•! 





%p«roonic Similarity 


Parameter* 


X 


T?*dge 

c/e 8 


Coao (Ref. 8 J 

s °j/« 


.1 


15.200 


.66 


2.93 


.2 


11.200 


.92 


2.68 


.5 


7.980 


1.22 


2.45 


•4 


6 .360 


1.99 


2.31 


.5 


5.880 


2.10 


2.20 


.6 


4.740 


2.74 


2.14 


• 8 


8.980 


4.00 


2.10 


1.0 


5.588 






1.5 


2.992 






2.0 


2.762 






8.0 


2.581 






4.0 


2.500 






5.0 


2.464 






C.O 


2.446 






7.0 


2.452 
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tftBIB IS 

fledge 

Hypwsonio Similarity 
2° Angle of Attack 



£6 

M c *, M C PL 

11*90 .00115 2.50 .0710 

S .80 .0550 

5.06 .0400 

6.52 .0550 

7.60 .0282 
10.20 .0260 
12.60 .0225 



10 ° 6 



u 


°Pa 


M 


C „_ 

PL 


1.92 


.041 


1.65 


.170 


5.08 


.050 


2.44 


• 120 


5.76 


.022 


5.25 


.090 


7.70 


.017 


4.06 


.081 


9.60 


.014 


4.89 


.071 


11.50 


.015 


6.90 


.060 






8.14 


.054 






12.20 


.045 
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1 



i 



TAD IE 15 (continued; 
TTodgc 

Hypersonic Similarity 
2° Angle of Attack 



M 


C ?u 


20° 6 

U 


C Pl 


2# 15 


.ICO 


1.09 


.239 


2.64 


.127 


2.53 


.245 


w 

5.55 


• 103 


2.02 


.215 


4.26 


.095 


5.78 


.101 


5.t8 


.000 


4.70 


.161 


7.10 


.071 


7.04 


• 156 


10.60 


.060 


9.40 


.125 






14.00 


.117 



U 


°Pu 


50° b 

H 




2.16 


.285 


1.98 


.445 


2.60 


.251 


2.62 


.574 


S.C6 


.211 


3.20 


.552 


4.34 


.137 


4.00 


.201 


6.50 


.159 


6.54 


.259 


8.65 


• 14C 


9.00 


.242 


10.80 


.157 


15.20 


.255 
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TABLE IS (continued; 

wedge 

fypwrao&io Similarity 
2° Aiigle of Attack 







40°6 








50°6 




M 




M 


°PL 


IS 


°Pfci 


M 




2.39 


•422 


1.98 


•664 


1.63 


.720 


1.96 


.925 


3.00 


*578 


2.47 


.580 


2.55 


•640 


2.94 


•780 


4.58 


.317 


5.71 


.490 


5.85 


.540 


3.92 


•721 


8.96 


•298 


4.98 


•453 


4.70 


.800 


5.89 


.694 


8.95 


•274 


7.42 


.424 


7.06 


.466 


7.83 


.654 


12.00 


.268 


9.90 


.410 


9*40 


.455 


9.80 


.646 






12.50 


.404 


11.75 


•448 


11.75 


.640 



60*6 



H 


°Pa 


M 


c_ 

PL 


1.08 


1.010 


2.40 


1.170 


2.62 


.880 


3.20 


1.000 


3.78 


.786 


4.60 


1.010 


5.73 


.755 


6.40 


.980 


7.80 


.712 


8.00 


.964 


9.40 


.700 


9.60 


.960 


11.20 


.700 


11.20 


.952 
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Wodgo 

IfyTPCrsoalo Similarity 
4° Anglo of Attack 

5^4 10 ° ^ 

M C Pu “ C PL M C Pu H 



2.64 


.107 


5.70 .0045 


1.90 


5.55 


.085 


11.40 .0035 


2.54 


4.40 


.070 




5.16 


5.26 


.CC2 




5.00 


7.03 


.052 




6.06 


0.80 


.048 




6.54 


13.10 


.059 




9.50 



.197 

.159 

.154 

.118 

.099 

.009 

.075 



12.60 



0C9 



Hyper«onio Similarity 
0° Angle of Attack 
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c 

WQ O 

o 


ar 

1.17 


1.00 


CO 

cJ 

• 


.857 




.819 


a 

co 

• 


• 80S 


o 

o 

m 


R 

ft 

r-f 


o 

V 

CO 


o 

* 

ft 

w 


CO 

CO 

ft 

tn 


• 

O 


K 

ft 

co 


tn 

* 

• 

a 


o 

CO 

a 


0 

m a 


in 


8 

a 


10 

O 

o 


in 

8 


CO 

s 


§ 






o 


• 




ft 


• 


ft 


• 






s 

* 


• 


CO 

co 

• 


o 

CO 

ft 


V* 

• 


Cl 

in 


8 








CO 


10 




CO 


CO 


O 


















flH 






6 

C 

P 




CM 

O 


r-l 

8 


a 

to 


8 

CO 


8 

CO 






o 


ft 


• 


• 


ft 


ft 


• 






$ 

£S 


o 

CO 

ft 


£ 

• 


• 


8 

• 


tn 

CO 

ft 


8 








CO 


CO 




in 


CO 


i — 1 


















rH 






0* 

wo O 


CO 

8 


3 

IO 


fe 

CO 


$ 

CO 


3 

CO 


8 

H 


8 

•H 




O 


ft 


ft 


ft 


ft 


ft 




• 




£ 


c* 

CO 

ft 


8 

ft 


8 

• 


8 

ft 


8 


O 

* 

• 


§ 








CO 


CO 


« 


to 


c- 


*4 


















r-0 




01 

«o o 


O 

3 


s 


CO 

s 


CO 

3 


S 


3 


2 

o 

ft 




o 


• 


• 


• 


• 


• 


ft 




£ 


£ 

ft 


• 


8 

ft 


§ 

• 


5 

# 


N 

O 

« 


8 

• 






H 


CO 


CO 


*0 




in 


00 




0i 

^0 o 

o 


o> 

• 


p 

ft 


8 

8 

• 


a 

• 


in 

o 

*0 

c 

ft 


I 

• 


o 

ft 




10 

u 


C* 

CO 

ft 


8 

• 




r-l 

• 


8 

• 


a 

• 


9 

ft 






CO 


10 


* 


to 


o 


o 


a 




0i 


§ 

ft 


£ 

CO 


H 


r4 

a 


I 








^ ° 
la 


o 

ft 


O 

• 


o 

ft 


o 

• 








M 


o 

•o 

ft 


oi 

in 

• 


8 

ft 


a 

• 


9 

• 










CO 


* 


10 


o 


H 


















r« 












40 



TABU? 16 (continued) 
<T© dc* 

Hypersonic Ginilnrity 
4° Angle of Attack 



20 ° 6 



M 




U 


c 




P U 


Pl 


1.90 


.128 


2.01 


.554 


2.06 


.083 


2.41 


.294 


S.80 


.070 


8.21 


.247 


4.76 


.059 


4.01 


.220 


8.70 


.052 


6.01 


.185 


7.60 


.044 


8.02 


.171 


9.00 


.059 


12.00 


.160 



80° 6 



U 


C 


M 


C- 




Pu 




P L 


2.06 


.248 


2.82 


.475 


2.58 


.210 


2.91 


.421 


8.10 


.185 


4.86 


.856 


4.18 


.155 


5.80 


.829 


5.16 


.158 


8.70 


.507 


7.71 


.116 


11.60 


.298 


10.60 


.108 







10.50 .058 
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I&BIS 16 (continued j 

Weds® 

layperson I c Similarity 
4° An^la of Attack 

40° 6 30° 6 



x 




X 


C PL 


X 


% 


X 


% 


2.09 


.594 


2.25 


.705 


2.08 


• 690 


2.70 


• 925 


2.79 


.550 


5.57 


• 599 


2.60 


.524 


5.61 


• 854 


5.49 


• 294 


4.60 


.560 


5.90 


.445 


5.42 


• 796 


5.21 


•248 


6.74 


•514 


5.20 


•408 


7.22 


.775 


6.96 


•229 


9.00 


•498 


7.80 


•562 


9.01 


.760 


10.50 


.214 


11.20 


•490 


10.40 


.570 


10.60 


.750 










15.00 


.564 
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60 ° 6 
°Pu 


X 


C >L 







2.05 


.845 


2.22 


1.57 


5.07 


.715 


2.96 


1.26 


4.10 


•600 


4.45 


1.18 


6.15 


.616 


5.92 


1.14 


8.20 


.598 


7.40 


1.12 


10.20 


.589 


8.90 


l.U 



12. 20 



.580 



10.70 1.11 
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TAJ3IE 18 

C L V« M 

Teds*, 6= co° 

c 2° 



M 


Oblique 

Shook 


Firet 

Order 


Second 

Order 


Tfypcrsanio 

Similitude 


2.0 


• 1229 


.0792 


.1102 


.0907 


4.0 


.0673 


.0S53 


.0634 


- .0750 


6.0 


.0617 


.0229 


.0510 


.0658 


8.0 


.0599 


.0171 
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10.0 
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12.0 
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First 
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S imilitudo 
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Pig. 3 - 20° WEDGE 




Fi g. 4 
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